Reliable estimates of field metabolic rates (FMRs) in wild animals are essential for quantifying their ecological roles, as well as for evaluating fitness consequences of anthropogenic disturbances. Yet, standard methods for measuring FMR are difficult to use on freeranging cetaceans whose FMR may deviate substantially from scaling predictions using terrestrial mammals. Harbour porpoises (Phocoena phocoena) are among the smallest marine mammals, and yet they live in cold, high-latitude waters where their high surface-tovolume ratio suggests high FMRs to stay warm. However, published FMR estimates of harbour porpoises are contradictory, with some studies claiming high FMRs and others concluding that the energetic requirements of porpoises resemble those of similar-sized terrestrial mammals. Here, we address this controversy using data from a combination of captive and wild porpoises to estimate the FMR of wild porpoises. We show that FMRs of harbour porpoises are up to two times greater than for similar-sized terrestrial mammals, supporting the hypothesis that small, carnivorous marine mammals in cold water have elevated FMRs. Despite the potential cost of thermoregulation in colder water, harbour porpoise FMRs are stable over seasonally changing water temperatures. Varying heat loss seems to be managed via cyclical fluctuations in energy intake, which serve to build up a blubber layer that largely offsets the extra costs of thermoregulation during winter. Such high FMRs are consistent with the recently reported high feeding rates of wild porpoises and highlight concerns about the potential impact of human activities on individual fitness and population dynamics.
INTRODUCTION
As apex predators in the marine environment, cetaceans exert a major top-down control on trophic energy cascades and facilitate nutrient recycling (Katona and Whitehead, 1988; Roman et al., 2014) . Yet, specific quantification of the ecological impact of cetaceans is still largely missing because their large size and inaccessible habitats complicate measurements of energy intake and use. Estimation of energy turnover by cetaceans in the wild requires detailed knowledge of their abundance, diet and metabolic requirements. Despite the difficulty of working in the marine environment, reliable visual, acoustic and genetic methods have been developed to estimate abundance (e.g. Hammond et al., 2013; Marques et al., 2009; Palsbøll et al., 1997) . Likewise, diet data have been obtained via field observations, blubber biopsies, tag data and stomach contents (e.g. Cade et al., 2016; Lesage et al., 2010; Wisniewska et al., 2016; Ross et al., 2016) . However, the third requirement, assessing the field metabolic rates (FMRs) of marine animals under conditions that are ecologically relevant, has proved much more challenging.
The metabolic rate of animals scales allometrically with body mass, with an exponent that prevails across multiple terrestrial taxa, including mammals (e.g. Kleiber, 1932; Brody, 1945; Hemmingsen, 1960; Enquist et al., 1998; Savage et al., 2004) . It is therefore tempting to estimate the metabolic rates of cetaceans from scaling laws developed for their better-studied terrestrial counterparts (Yasui and Gaskin, 1986; Gallagher et al., 2018) . However, numerous secondary adaptations to a life in water may complicate such extrapolations. Many studies suggest that marine mammals have elevated basal metabolic rates (BMRs) compared with terrestrial mammals of similar size, mainly due to (1) the increased cost of staying warm in water (e.g. South et al., 1976; Costa and Williams, 1999; Williams et al., 2001 ), a medium with much higher thermal capacity and conductivity than air, and (2) the consequences of a carnivorous diet (McNab, 1986; Williams et al., 2001; Maresh, 2014) . However, many BMR measurements of marine mammals fail to meet the conditions required for measuring BMR, i.e. assessing mature individuals in a non-reproductive state, post-adsorptive at rest, and within their thermoneutral zone, and thereby overestimate the BMR of marine mammals (reviewed by Lavigne et al., 1986 and Maresh, 2014) .
Irrespective of the difficulties of determining BMR in marine mammals, a more ecologically relevant measure is the FMR, i.e. the average rate of energy expenditure under field conditions. FMR studies in marine mammals suggest that the scaling exponent of the relationship between body mass and FMR is lower than for terrestrial mammals (Boyd, 2002; Costa and Maresh, 2018; Maresh, 2014) ; field energy expenses of the smallest marine mammals appear to be higher than predicted for similar-sized terrestrial mammals, while large marine mammals have lower energetic costs than expected. This pattern may be explained by smaller marine mammals experiencing higher mass-specific heat loss in comparison to terrestrial mammals, while large marine mammals lose relatively little heat to the environment due to their low surface-to-volume ratios, and have the benefit of lower maintenance costs compared with terrestrial mammals because cetaceans do not need to use energy to support their body weight (Boyd, 2002) .
Harbour porpoises are among the smallest marine mammals and yet, they live in temperate to Arctic waters and may, therefore, represent one of the metabolic extremes in the ecologically diverse group of cetaceans. Despite the possibility of collecting metabolic measurements from porpoises in captivity (Kanwisher and Sundnes, 1965; Otani et al., 2001; Reed et al., 2000) , there is no consensus on how their metabolic rate in the wild compares with that of similarsized terrestrial mammals. In an early study, Kanwisher and Sundnes (1965) reported that the BMR of two captive juveniles were two to three times higher than in similar-sized terrestrial mammals, and argued that the high BMR was due to the high cost of thermoregulation in water. The notion of high metabolic rates is also supported by high food intakes reported for captive individuals (Dudok Van Heel, 1962; Andersen, 1965; Myers et al., 1978; Kastelein et al., 1990 Kastelein et al., , 1997a Kastelein et al., , 2018 . In a similar setting as Kanwisher and Sundnes (1965) , Reed et al. (2000) measured oxygen consumption rates in captive juvenile porpoises in a small tank that rendered values two times higher than the BMR predicted from similar-sized terrestrial mammals. However, Reed et al. (2000) acknowledged that these measurements on juvenile animals in a potentially stressful situation may have overestimated the BMR, and concluded that porpoises likely do not have a higher BMR than terrestrial mammals. In line with that, several studies (Yasui and Gaskin, 1986; Otani et al., 2001; Gallagher et al., 2018) on free-ranging adult harbour porpoises have concluded that both BMR and FMR are close to those predicted from the Brody-Kleiber scaling equation (Kleiber, 1932; Brody, 1945) for terrestrial mammals. It has further been argued that studies reporting elevated food intakes in captive porpoises overestimate FMR because captive animals eat more than necessary to counter boredom (Yasui and Gaskin, 1986) . In contrast, a recent study on wild porpoises has revealed high feeding rates, supporting the hypothesis that porpoises do indeed have high metabolic demands (Wisniewska et al., 2016) .
As highlighted in a recent discussion between Hoekendijk et al. (2018) and Wisniewska et al. (2018a) , it is critical to establish what and how much porpoises eat to determine their ecological impact as top predators on the energy flow in shallow water ecosystems, to assess their potential overlap with human fisheries and to quantify the energetic consequences of disturbance from human encroachment, such as fishing, shipping and oil exploration. Here, we address that pertinent data gap by using a novel combination of captive and field studies to test the hypothesis that porpoises have metabolic rates comparable to similar-sized terrestrial mammals.
MATERIALS AND METHODS Study design
FMRs in wild harbour porpoises were estimated using a combination of captive and field studies. First, we measured the energy requirements of captive harbour porpoises using daily food intake records of three individuals over several years. In parallel, the FMR of one captive porpoise was measured using the doubly labelled water (DLW) method (Lifson and McClintock, 1966; Speakman, 1997) , and compared with its corresponding food intake to assess food assimilation efficiency. The measured daily FMR was coupled with the daily respiration rate of this porpoise, allowing the average energy turnover of a single respiration to be calculated. We then measured respiration rates of 13 free-swimming wild porpoises tagged with a sound recorder to capture the energetic costs of a range of natural behaviours. Considering that the energetic value of a respiration is related to tidal volume, which is in turn mass related, the average energy turnover calculated for the DLW-injected individual was corrected for the size of each of the tagged wild porpoises and finally combined with the number of respirations to estimate the FMR of wild porpoises.
Captive studies
Data from captive porpoises were collected at the Fjord&Baelt centre in Kerteminde, Denmark. Three adult harbour porpoises, two females and a male: Freja (born 1995), Sif (born 2004 Sif (born , died 2017 and Eigil (born 1994 Eigil (born , died 2016 , were housed in an outdoor net pen of 30×20 m with an average depth of 4 m. In this open water system, the animals were exposed to natural annual temperature and light fluctuations, and therefore, faced the same thermoregulatory challenges and seasonal cues as wild porpoises in the same region. The health of each animal was regularly monitored, including multiple body measurements and daily respiration counts. The three primary body measurements used to monitor body condition were (1) standard body length (BL), taken from the tip of the jaw to the notch of the tail in a straight line parallel to the body; (2) total body mass (M b ), recorded by having the animals voluntarily beach onto a scale (Kruuse model PS250); and (3) blubber thickness, measured dorsally, laterally and ventrally in three positions along the body (see for details) by means of a portable ultrasonic subdermal fat scanner (Lean Meter by Renco). Respiration counts of all animals were sampled daily during 10 min periods, with time of the day randomly chosen between 08:00 h and 16:00 h.
The captive porpoises were fed three to four times per day. Their diet consisted primarily of mackerel (Scomber scombus), herring (Clupea harengus), sprat (Sprattus sprattus), capelin (Mallotus villosus) and sand eels (Hyperoplus lanceolatus and Ammodytes tobianus). Fish composition and mass of every feeding session were systematically recorded, and converted to caloric value following the Nordic Nutrition Recommendations (Nordic Council of Ministers 2004) at the Steins Laboratory (Eurofins Steins Laboratorium, Ladelundvej 85 DK-6600 Vejen). Briefly, to convert to caloric intake, the caloric content of the fish (cal g −1 ) was determined for a few fish per batch using bomb calorimetry. The detailed records of caloric intake over many years allowed the animal care staff to anticipate changes in energy requirements throughout the year, and evaluate caloric needs based on appetite and motivation. Despite careful monitoring of food intake, the open pen allows entry of small fish that porpoises may occasionally have consumed, resulting in a slight underestimation of food ingestion and hence, underestimation of their energy requirements.
Doubly labelled water
The FMR of one captive harbour porpoise, Freja, was estimated using the DLW method on three occasions (December 2014, August 2015 and February 2016). An initial blood sample was collected from a fluke vein to determine background isotope values. A weighed 11-12 ml dose of sterile 2 H and 18 O water (34% and 66% enrichment, respectively; Cambridge Isotope Laboratories) was then injected into the fluke vein. The amount of 18 O and 2 H injected was selected to provide an initial enrichment of at least 220 ppm. To ensure complete equilibrium, we waited 3 h to collect the equilibrium blood sample to measure initial 18 O and 2 H levels. During the first experiment, blood samples were collected 3, 5 and 7 days post DLW injection to identify the most appropriate study duration ( post values less than 50% of initial enrichment and greater than 20% background). From this, we selected a study duration of 5 days to ensure that values would remain above 20% background values even if metabolic rate increased at other times of the year. All blood samples were centrifuged at 3000 rpm within 30 min of collection. Serum was frozen at −20°C in sealed glass vials and sent to Iso-Analytical Limited (www.iso-analytical.com) for analysis.
Body composition (% lipid) was estimated using the labelled water technique (Iverson et al., 1993; Webb et al., 1998) , assuming a hydration state of 73% in lean tissue (Pace and Rathbun, 1945) and 10% in fat (Lockyer, 1995; Lockyer and Kinze, 2003) . CO 2 production was calculated using the Speakman 2-pool equation as it has been determined to be the most accurate for animals >10 kg (Sparling et al., 2008) . Daily energy expenditure (or daily FMR) was calculated from CO 2 production using a respiration quotient (RQ) value of 0.8, with its corresponding conversion factor of 20.1 kJ l −1 O 2 . There are limited data on the RQ of harbour porpoises. Reed et al. (2000) and Boutilier et al. (2001) reported RQs of juvenile harbour porpoises that varied from 0.6 to above 1. Given that other marine mammals with similar high fat and high protein diets present RQs that range from 0.71 to 0.87 (e.g. Kooyman et al., 1981; Feldkamp, 1987; Boily and Lavigne, 1995) , we estimated the RQ value for harbour porpoises to be 0.8.
Energetic value of a single breath
During the final DLW measurement (February 2016), the number of ventilations of the DLW-injected animal (Freja) and the other captive harbour porpoises were visually monitored for 20 min intervals over 24 h. During the following summer, total respirations were again visually monitored in Freja and Sif over 24 h to investigate how respiration rate varied over the course of a day and between subsequent years. Animals were temporarily marked and a few weak lights were on during the night to aid in porpoise identification and accurate data collection. To calculate the average energy turnover of a single respiration, the daily FMR measured on Freja was divided by her daily respiration count. Although tidal volume may vary with each breath, we assumed that this variation would be normally distributed when measured over long periods (24 h) and therefore, the average is considered a reliable estimate.
To apply this value to other harbour porpoises, it was necessary to adjust for the size of the animal, as tidal volume varies with size. This required first estimating the relationship between size and lung volume. Total lung capacity (TLC) is related to mass, but no specific equation has been derived for harbour porpoises. Kooyman (1989) presented a general equation describing the relationship between TLC and body mass for marine mammals, TLC=0.1×M b 0.96 . However, this equation may be problematic in harbour porpoises, whose body mass varies by more than 15% during the year as they alter their blubber layer (Lockyer, 1995; Kastelein et al., 2018) . While lean body mass should be a more reliable measure, lean body mass estimates were not available for all the wild harbour porpoises in this study. We therefore used standard body length to estimate mass using equations estimated from a dataset of porpoise morphometric measurements obtained from bycaught and stranded porpoises from our study population (Eqns 1 and 2, see Table S1 , Fig. S1 for more details):
Where BL is standard body length in cm and M b is total body mass in kg. By using length to estimate mass, we avoided the potential confounding effect of seasonal variation in body condition. Assuming that tidal volume scales in relation to total body mass in the same way as TLC, we created a parameter to adjust the energetic value of a respiration obtained from Freja (E resp, Freja ) to that of a porpoise E resp, i with different calculated mass (M b, i ) using the scaling exponent from Kooyman (1989) :
This adjusting parameter was validated using the annual food intake and respiration rates of the other two captive harbour porpoises.
Assuming that food intake relates to body mass with the same scaling exponent as FMR, and that respiration rate relates inversely, we modified Eqn 3 to predict food intake and respiration rate. We substituted E resp, Freja for either the food intake or respiration rate of Freja, and compared the prediction with the empirical data. We found that the estimated annual food intake and respiration rates differed from the actual measurements by less than 10%.
Field studies
From 2012 to 2016, we tagged 13 harbour porpoises that were incidentally caught in pound nets in the inner Danish waters (see Wisniewska et al., 2016 for details). The porpoises were lifted onto a small boat, and standard body length, girth and blubber thickness were measured to assess body condition. Handling duration was less than 15 min. Girth and blubber thickness were only collected if the animal responded well to handling (see Eskesen et al., 2009 for details). A high-resolution sound and movement recording digital tag (DTAG-3, 74×154×46 mm; Johnson et al., 2009 ) was attached with suction cups 5 cm behind the blowhole before the animal was lowered into the water and released. The DTAG sampled 16-bit stereo audio at 500 kHz (clip level of 179 dB re. 1 µPa), and contained a pressure sensor, tri-axial accelerometer and magnetometer sampling at 250 or 625 Hz (16 bit). The tags were set to detach passively, and recovered with the aid of Argos satellite location and/or VHF tracking.
Respiration data
Only periods where the tag did not slide from the initial tagging position were used for the analysis. Sound files were examined aurally and visually using an audit tool (www.soundtags.org) displaying spectrograms of 5 s data segments (Hamming window, FFT size 512, 75% overlap) that allow the identification of respirations. The beginning and end of each respiration (exhalation+inhalation) were clearly detectable because the tag was close to the blowhole, and manually marked for each animal.
For each respiration, we calculated duration and energy flux density (EFD) [RMS of the sound pressure level data+10log 10 (respiration duration)] to analyse their frequency distribution and explore potential multimodal variations, i.e. whether there were different types of respirations in terms of the studied parameters. Respiration duration and EFD varied little within an individual and in most porpoises were normally distributed with mean duration varying from 0.52 to 0.76 s and EFD from 119 to 130 dB re. 1 µPa 2 s among individuals. Neither duration nor EFD showed a relationship to the size of the individuals. Given the normal distribution of these respiration characteristics, it was not possible to reject the hypothesis that for each porpoise all respirations came from the same distribution, indicating that there were no distinct respiration modes. Analysis of the temporal pattern of the respirations revealed that tagged porpoises had lower respiration rates during the first hour of deployment compared with the remainder of the deployment. We therefore removed the first hour of data for all tagged porpoises to avoid any effects of handling on the resulting respiration rates.
Estimation of FMR in free-ranging porpoises
Daily respiration counts were estimated for each wild porpoise deployment with estimation accuracy depending on the deployment duration. To estimate the potential upper and lower limit on daily respiration counts, we performed a sensitivity analysis to estimate the 95% variation interval of the total number of respirations for each deployment. For each deployment duration, we took 1000 random samples of that specific duration in all deployments longer than the variation interval we wanted to estimate. From the 1000 samples, we computed the median and the 0.025 and 0.975 quantiles, and estimated the percentage of variation by dividing the difference between the quantiles and the median by the median number of respirations. We then computed both the mean and the median of the resulting percentage of variation for the lower and upper limit of each deployment duration, and used them to estimate the variation limits of each daily respiration rate estimate. For this method, we assumed that respiration variation between individuals was the same; we did not consider age or sex because of the lack of power. Assuming that the distribution of mass-specific tidal volume is the same for ventilations in captive and wild porpoises, we calculated the mass-corrected respiration energy turnover for each individual using Eqn 3, and combined it with its daily respiration count to estimate the daily FMR of each wild porpoise. DTAG data processing was performed in MATLAB R2013b (MathWorks) and data handling was done in R (version 3.3.2) using custom tools. 
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RESULTS
Energy intake in captive harbour porpoises
Compilation of data on captive animals from 2009 to 2017 showed that at the time of the study, Freja, Sif and Eigil were adult porpoises with body lengths of 156, 153 and 146 cm, respectively. Food intake of the three porpoises displayed an annual cyclic pattern with 95% of the data ranging from 15.5 to 31.3 MJ day −1 . Food intake typically increased steeply in mid-July, reaching a peak in mid-November. Thereafter, it decreased, reaching a minimum during April (Fig. 1) . When females were pregnant, their energy intake differed from the typical pattern, with lower food intake at the beginning of pregnancy (September to February) and higher than usual at the end of pregnancy (March to July) (see Sif's food intake in Fig. 1A ). In addition, food intake gradually decreased over the nine years of collected data, resulting in a decrease in annual caloric intake of 20% for both Freja (23 years old) and Sif (14 years old), potentially related to ageing. Blubber thickness measured at standard body locations fluctuated in a similar pattern to that of food intake, but delayed in time ( Fig. 1B) . At the mid-dorsal position (D3), 95% of the blubber thickness values reached a maximum during January and February (up to 38 mm), and a minimum during August and September (down to 17 mm). These patterns coincide with annual fluctuations in water temperature, where 95% of the data reached minimums near 0°C in January and February, and maximums near 20°C in July and August (Fig. 1) .
Body composition and daily energy expenses
Using the DLW technique, we measured FMR and body condition of Freja, a non-reproductive adult female (on contraception), in December 2014, August 2015 and February 2016. Although her mass and % lipid changed significantly throughout the year, lean body mass was stable across seasons (Table 1) . Similarly, estimated FMR was surprisingly stable for the three measurement periods, with the variation between measurements (range 1-14%, Table 1 ) being less than the estimated precision of the DLW method (Sparling et al., 2008; Dalton et al., 2014) . When DLW FMR estimations and food intake (assuming 90% assimilation efficiency; Goodman-Lowe et al., 1999; Lockyer, 2007) were compared, the FMR exceeded caloric intake during February and August. The difference was greatest in August, and in contrast, caloric intake exceeded FMR during December when porpoises were still building up their blubber layer (Fig. 1B) .
Ventilations in captive porpoises
Daily respiration counts for Freja, Sif and Eigil following the DLW measurement in February 2016 were 3761, 3423 and 4263 (2.6, 2.4 and 3.0 respirations min −1 ), respectively. Respiration rates measured in summer 2017 were within 10% of these numbers and decreased by about 23% at night compared with daytime ( Fig. 2) . Respiration counts over 10 min periods taken daily between 2010 and 2015, and in 2017, showed an average of 3.0 (range 2.4-3.6), 3.1 (2.5-4.0) and 3.3 (2.7-4.0) respirations min −1 for Freja, Sif and Eigil, respectively. Eigil became ill in late 2014, and hence, only data from before his illness were included. Respiration rates estimated from daily 10 min intervals (generally collected between 10:00 h and 15:00 h; Fig. S2 ) were slightly higher than those calculated during 24 h observations ( Fig. S3 ), reflecting the effect of higher daytime respiration rates, likely influenced by specific dynamic action/heat increment of feeding (SDA/HIF) or/and human activity around the pool. The seven years of respiration data also provided the opportunity to investigate annual patterns in respiration rates. All three individuals tended to breathe at lower rates during warmer months (decrease ranged from 9 to 12%, Fig. 1 and Fig. S3 ), with little variation between years ( Fig. S4 ), similar to the 10% decrease observed in the daily respiration rate from winter 2016 to summer 2017.
We estimated the average energetic value of a single respiration for Freja to be 5.2 kJ by dividing her FMR, estimated from DLW, by the number of respirations over 24 h during the same period. After adjusting this energy value for their different masses (Eqn 3), the daily FMRs of Sif and Eigil were estimated to be 17.2 MJ day −1 (V · O2 : 4 ml O 2 kg −1 min −1 ) and 17.7 MJ day −1 (V · O2 : 13.0 ml O 2 kg −1 min −1 ), respectively. To reduce the effect of seasonal changes in body condition, mass was estimated using Eqns 1 and 2 for all three porpoises.
Ventilations in wild porpoises
Ventilation data were obtained from 13 wild porpoises of both sexes and various age classes and lengths (Table 2; Fig. 3 ). Deployment duration, after removing the first deployment hour, ranged from 5.8 to 38.5 h.
Average daily number of respirations in wild porpoises ranged from 2824 to 6396 (Table 2 ). The sensitivity analysis performed to assess the potential range of variation in the estimated daily respiration counts showed that the 95% variation interval of daily respiration could range from 4 to 22% at the lower end, and from 6 to 17% at the higher end (Table S2) .
Wild porpoise respiration rates (mean=2.9; range=2.0-4.4 respirations min −1 ) were similar to those of captive porpoises (Fig. 2, Table 2 ). However, the daily pattern differed from captive porpoises with the wild porpoises having night-time respiration rates 9% higher than daytime respiration rates (Wilcoxon signedranks test, Z=4, P-value=0.007) (Figs 2 and 3) . Both captive and wild porpoises displayed high temporal variability in respiration rate (Figs 2 and 3) ; but the wild porpoises also showed greater interindividual variability probably because of differences in size and fluctuating activity levels from feeding and non-feeding (Figs 2 and  3) . Despite the temporal variability in respiration rate, daily respiration rates (day −1 ) in the wild individual with a deployment length of about 38 h, showed less than 10% difference over the 2 days, demonstrating small fluctuations in the daily respiration rate across days.
Estimation of FMR in free-ranging porpoises
Estimated FMR of wild porpoises ranged from 7.8 to 31.0 MJ day −1 (or 8.8 to 20.1 ml O 2 kg −1 min −1 ) ( Table 2 ). The tagged animals included both juvenile animals as well as some adults, leading to a wide range in body mass (26 to 76 kg, Table 2 ). Considering only the five adults, the average FMR was 21.7 MJ day −1 (12.1 ml O 2 kg −1 min −1 ), similar to the average FMR of captive porpoises (18.2 MJ day −1 ). Over the full dataset, the log-transformed daily FMRs and individual body mass presented a positive linear relationship with a scaling exponent of 0.9 (R 2 =0.64, P-value=0.001, Fig. 4 ), which did not differ significantly from values estimated for marine mammals (∼0.5; Boyd, 2002; Maresh, 2014) or terrestrial mammals (∼0.7; Nagy, 2005) .
Comparison with the FMR predicted by the Nagy (2005) Fig. 4) . The difference between our FMR estimates for adults and the FMR predicted when only terrestrial carnivores were considered (using equation provided in Maresh, 2014) was 20% higher on average (Fig. 4) . Wild porpoise FMRs were 3-4 times higher than the BMR predicted from Kleiber's equation (Kleiber, 1932) (Table 2) .
DISCUSSION
Direct and indirect respirometry measurements from sea otters and small pinnipeds have led to the notion that small marine mammals have elevated FMRs to counter a high mass-specific heat loss in water (Hurley and Costa, 2001; Sparling, 2004; Yeates et al., 2007) . For one of the smallest cetaceans, the harbour porpoise, some studies suggest that FMRs are similar to those of similar-sized terrestrial mammals (Yasui and Gaskin, 1986; Otani et al., 2001; Gallagher et al., 2018) , but this conflicts with the high food intakes (Andersen, 1965; Dudok Van Heel, 1962; Kastelein et al., 1990 Kastelein et al., , 1997a Kastelein et al., , 2018 Myers et al., 1978) and high metabolic rates (Kanwisher and Sundnes, 1965) reported for captive porpoises, and the recent reports of high feeding rates in wild porpoises (Wisniewska et al., 2016) . To address this knowledge gap, we here combine unique data from captive and wild harbour porpoises to test the hypothesis that harbour porpoises have elevated FMRs.
Our results reject the hypothesis that captive porpoises have a metabolic rate that is the same as similar-sized terrestrial mammals. Rather, we show that their FMR is higher than predicted from both terrestrial mammals in general and mammalian carnivores on land. Previous studies have speculated that captive porpoises overeat due to boredom, leading to an overestimation of the FMR of wild individuals if extrapolating from captive conspecifics (Yasui and Gaskin, 1986) . However, the body composition and blubber thickness data do not support this notion; captive porpoises in our study had fat contents of 24-37% of body weight, and blubber thickness in the mid-dorsal area of 17-38 mm (Kastelein et al., 2018; , closely resembling measurements from wild individuals for the same seasons and body lengths (Lockyer, 1995; Lockyer and Kinze, 2003; McLellan et al., 2002) . In principle, captive porpoises could still have an elevated food intake and a low FMR if their assimilation capacities were poor compared with wild conspecifics. However, daily FMRs, as shown by the DLW results, are sometimes slightly higher than daily energy acquisition ( Fig. 1) , supporting high food assimilation efficiencies, as found in other marine mammals (e.g. Goodman-Lowe et al., 1999; Lockyer, 2007; Williams et al., 2004) . These findings show that the captive porpoises used in this study are not fed more than necessary to meet their energetic demands, and demonstrate that captive porpoises in sea pens have approximately two times higher FMR than previously predicted for wild conspecifics (Fig. 4) (Yasui and Gaskin, 1986; Otani et al., 2001; Gallagher et al., 2018) .
It has been hypothesized that the main driver of the high metabolic rate of small marine mammals is elevated heat loss in water (e.g. Kanwisher and Sundnes, 1965; Yeates et al., 2007) . It follows that fluctuations in water temperature would result in seasonal fluctuations in the metabolic rate of porpoises. However, despite the large annual water temperature fluctuations at the surface, from below 0 to more than 20°C, in the inner Danish waters, the FMR measured with DLW in one captive porpoise was relatively stable over different seasons and water temperatures (Fig. 1, Table 1 ), and respiration rates for the three animals varied less than 15% across seasons. FMR variation was less than 14%, which was lower than the Time (h) Captive Wild Respiration rate (min -1 ) 12:00 16:00 20:00 24:00 04:00 08:00 12:00 16:00 Table 2 and Fig. 3 for mean respiration rate and respiration pattern of all wild porpoises. Mean daily respiration rate for captive and wild porpoises are indicated by dashed lines of the same colour. The three peaks (*) in respiration rate between 10:00 h and 16:00 h in the captive porpoises coincide with the after-feeding periods, probably representing the effect of SDA/HIF. estimated precision of the DLW method, and much lower than the expected heat loss variation. Despite the rather stable FMR, we observed large fluctuations in the food intake of captive porpoises Kastelein et al., 1997a Kastelein et al., , 2018 , with energy acquisition increasing around mid-July, and peaking during mid-November (more than 50% increase relative to the minimum) after which it decreased again during late winter and spring . The increase in food intake was followed by a similar increase in blubber mass of up to 10 kg (Kastelein et al., 2018) , while lean body mass remained stable (Table 1 ). The progressive increase in blubber thickness shows that porpoises eat more than needed to meet their FMR during late summer and autumn, and that the surplus calories are invested in thickening their blubber layer probably to counter dropping water temperatures during late autumn and winter. Once they reach a blubber layer that is approximately twice as thick as during summer, they progressively reduce caloric intake, eventually ingesting less energy than they use and hence, consuming some blubber energy stores to meet their metabolic demands during spring and early summer. From this pattern, we suggest that porpoises adjust their food intake, and consequently blubber thickness, to largely offset varying thermoregulatory costs from changing water temperatures, thereby having constant heat loss over different seasons. This hypothesis is supported by the approximate doubling in blubber thickness layer from summer to winter to match an approximate doubling in the body to water thermal gradient (Fig. 1) , resulting in the same heat loss, if all other factors remain constant (Schmidt-Nielsen, 1983) .
The thermo-neutral zone of harbour porpoises has not been measured; however, our findings imply that it changes seasonally, as in other small endotherms living in habitats with significant ambient temperature fluctuations, such as the arctic fox (Hart, 1956) . The low variability in porpoise FMRs within a large range of water temperatures suggests that by building a thick blubber layer during the colder months, and even potentially changing their blubber heat conductivity (Koopman, 2007; Samuel and Worthy, 2004) , porpoises can lower their lower critical temperature to counter the increased temperature gradient. Having a thick blubber layer all year round would increase drag and buoyancy, and therefore cost of transport, as well as perhaps the risk of overheating in warmer months, while a constant thin blubber layer would impose extremely high thermoregulatory costs in the colder months. Thus, the dynamic insulation strategy of porpoises may reflect a trade-off between the costs of keeping warm and the cost of increased drag and buoyancy.
Both captive and wild porpoises undergo the same seasonal blubber thickness fluctuations (Fig. 1, Lockyer and Kinze, 2003; McLellan et al., 2002) , indicating that natural changes in weight and blubber thickness in wild, healthy porpoises are not primarily driven by temporal changes in food availability or calorific content, but rather by environmental or physiological drivers of appetite over the season. Given the temporal correlation between water temperature, energy intake and blubber thickness, and that light level fluctuations are independent of local climate fluctuations and will affect water temperature, we speculate that the changes in appetite are likely light Estimated body mass was calculated based on Eqns 1 and 2. Daily FMR and 95% variation limits for each wild porpoise were estimated based on daily respiration rate and the mass-corrected average respiration turnover calculated using Eqn 3 and the sensitivity analysis. FMR TM was calculated based on Nagy (2005) FMR equation for mammals, and BMR Kleiber on Kleiber (1975) . The digits in the individual IDs indicate the year and Julian day of tag deployment. Animals are sorted according to increasing standard body length (BL). *Potentially pregnant females, mass was estimated from length and is therefore likely an underestimation.
driven (Loudon, 1994; Mrosovsky and Sherry, 1980) ; a topic that warrants further investigation. The identical blubber thickness fluctuations in captive and wild porpoises also imply that both seek to stabilize FMRs over the seasonal fluctuations in water temperature. This then begs the question of whether captive and wild porpoises have similar FMRs, or if wild porpoises have higher FMRs owing to higher activity levels from having to catch live prey. Our data suggest that captive and wild porpoises have similar FMRs (Tables 1 and 2, Fig. 4 ). While captive porpoises had higher respiration rates during the day (when feeding sessions occurred, Fig. 2 ) and wild porpoises displayed higher respiration rates at night (Figs 2 and 3) , when they 20:00 01:00 05:00 10:00 15:00 20:00 01:00 15:00 . Animals are sorted according to increasing standard body length (indicated below ID), following the same order as Table 2 .
primarily feed (Wisniewska et al., 2016) , the average daily respiration rates were similar between captive and wild porpoises of similar size (Fig. 2) . Given the different activity level of captive and wild porpoises, similar FMRs may indicate that the less active captive porpoises spend more energy on thermogenesis, while free-ranging porpoises can offset the cost of keeping warm by using heat produced from higher levels of muscle activity. However, the conclusion that FMRs in captive and wild porpoises are similar is critically dependent on the assumption that average tidal volume and oxygen uptake per breath is the same for porpoises of the same size. For captive porpoises, these assumptions are supported by the fact that the estimated FMRs for Sif and Eigil using mass, the size-adjusted average respiration turnover and ventilation counts are within 10% of their food intake. Remarkably similar results are obtained when using the published data from a captive adult male porpoise studied by Kastelein et al. (2018) (Fig. 4) . However, because of the different lifestyles of captive and wild porpoises, the assumptions of equal tidal volume and oxygen uptake distributions between captive and wild porpoises may not be correct. Previous studies on porpoises and other cetaceans show that tidal volume increases after exercise (Ridgway et al., 1969; Fahlman et al., 2016) . Wild individuals are therefore, if anything, likely to employ larger tidal volumes, especially after an intense feeding period, leading to higher oxygen use per breath, and therefore, to our underestimation of the average FMR of wild harbour porpoises. The magnitude of this potential underestimation can be assessed by comparing the estimated energy turnover per breath for Freja with calculated lung volumes. Using an energy equivalent of 20.083 kJ l −1 of oxygen and assuming an average oxygen absorption of 45% (Reed et al., 2000) , an animal-specific average tidal volume can be estimated by accounting for the 21% O 2 content in air. From the average energy turnover of 5.2 kJ breath −1 determined for Freja, we estimate an average tidal volume of 2.7 litres. This value resembles results found in other studies of harbour porpoises (Kanwisher and Sundnes, 1965; Kastelein et al., 1997b; Kooyman and Sinnett, 1979) and represents ∼55% of the approximated total lung capacity (TLC) in a 56 kg adult based on Kooyman's (1989) equation: TLC=0.1×M b 0.96 . In comparison, the vital capacity of cetaceans has been estimated to be ∼80% of their TLC (Fahlman et al., 2015; Kooyman, 1973; Kooyman et al., 1981; Olsen et al., 1969) . If tidal volumes in wild porpoises always reach vital capacity, we could be underestimating the energy turnover of each respiration by up to 30% in the most extreme of scenarios. Thus, wild porpoises could potentially have FMRs that are up to 45% higher than similar-sized conspecifics in captivity, further enforcing the finding that their FMRs are significantly higher than in terrestrial mammals of similar size.
Another possible source of error in wild porpoises that in turn may overestimate actual FMR relates to the potential effects of tagging. The addition of a tag on the body increases the drag and therefore, cost of transport (Wilson et al., 1986) , leading to a higher FMR for the same behaviour (Geertsen et al., 2004) . The DTAG-3 has a smooth hydrodynamic form intended to minimise drag, and a frontal area of 22 cm 2 , less than 5% of the frontal area of any of the tagged porpoises. Yet, computational fluid modelling suggests that impeded water flow around the suction cups can create added drag and lift (Fiore et al., 2017) . In a captive setting, tags affect swimming speed and O 2 consumption, with tagged animals swimming slower, and thereby reducing drag, or increasing their O 2 consumption when maintaining speed (van der Hoop et al., 2014, in review) . Unfortunately, the extent of this effect is difficult to estimate on a free-ranging swimming animal. Reed et al., 2000; 3 Yasui and Gaskin, 1986; 4 Otani et al., 2001; 5 Gallagher et al., 2018 : a estimate for an adult male and b estimate for a pregnant and lactating female; 6 Kastelein et al., 2018; 7 Yeates et al., 2007; 8 Jeanniard-du-Dot et al., 2017 : a estimate for Antarctic fur seal and b estimate for northern fur seal. See also fig. 2 in Kastelein et al., 2018. We observed greater variability in the FMR estimations of wild porpoises in comparison to captive porpoises. Daily energy requirement estimations can be affected by variables such as growth, reproductive status and environmental conditions, as well as dive depth and duration, and activity level. Wild porpoises could only be tagged from March to November when pound nets are used, and therefore we were limited when evaluating seasonal changes in the FMR of wild porpoises. Yet, we did not observe any temporal pattern in FMR estimates along the 9 months in which animals were tagged, which is consistent with the relatively stable FMR of captive porpoises over season. Part of the variation could be explained by different age groups, and particularly within adults by their reproductive status. Pregnant females showed higher respiration rates than the lactating ones, matching the increase in energy intake that we and Blanchet et al. (2008) have observed in pregnant captive porpoises. Higher variability of FMR in wild animals could also be related to their much more dynamic lifestyle. Wild individuals target different prey and employ varying foraging strategies (Wisniewska et al., 2016) , and are exposed to different external natural and anthropogenic stressors, such as boats and other human activities (Wisniewska et al., 2018b) , that may temporarily increase their metabolic rate. Additionally, we do not know whether some of our tagged animals were sick or had any breathing anomalies. Harbour porpoises more than 1 year old often carry a substantial amount of lungworms and other parasites (Lockyer and Kinze, 2003) . For instance, we observed that hp16_316a had a remarkably high respiration rate in comparison to the rest of the juveniles, resulting in a high FMR estimate (Table 2, Fig. 4) .
Collectively, we conclude that previous FMR estimates for freeranging porpoises (Yasui and Gaskin, 1986; Otani et al., 2001; Gallagher et al., 2018) are too low. Our FMR estimates are 40% higher than for terrestrial mammals of the same size, and 20% when comparing with terrestrial carnivores. Two equations have been advanced to estimate the FMR of marine mammals from mass (Boyd, 2002; Maresh, 2014) , but these equations are unfortunately not phylogenetically corrected. Our results reveal that the estimated FMRs of wild adult porpoises (without the potential maximal 45% underestimation) are on average lower than predicted by these equations, but higher than predicted for a terrestrial mammal of similar size using both the equation from Nagy (2005) for all terrestrial mammals and from Maresh (2014) for carnivores only (Fig. 4 ). From these data, we cannot resolve whether the elevated FMRs stem from the carnivorous lifestyle of porpoises (McNab, 1986; Williams et al., 2001) and/or the relatively large heat loss from their small bodies in cold water (Kanwisher and Sundnes, 1965 ); the answer may well be a mix of the two. While porpoise FMRs estimated in this study are indeed higher than for terrestrial mammals, they are apparently not as high as those of small semiaquatic marine mammals, such as sea otters (Yeates et al., 2007) and fur seals (Jeanniard-du-Dot et al., 2017) (Fig. 4) . This discrepancy may of course stem from our potential underestimation of FMR related to tidal volume, and/or from differences in lean versus total body mass across these clades. However, perhaps more likely, the lower FMR estimates of porpoises may reflect that they, as fully aquatic mammals, have lower costs of transport by using lift-based propulsion compared with pinnipeds and sea otters that fully or partially employ the less efficient drag-based propulsion (Williams, 1999) and have poorer insulation. It would therefore seem that inclusion of more cetaceans in scaling studies of marine mammal metabolic rates may make the slopes deviate less from Kleiber scaling than currently presumed based on Boyd (2002) and Maresh (2014) , and that small pinnipeds (mainly otariids) may require more food than small cetaceans do per unit of mass. As such, it may be argued that scaling of FMR across different taxa is increasingly meaningless, and that we should start doing comparisons within and between clades rather than assuming that size alone can explain differences in FMR across all marine mammals with very different evolutionary trajectories (White et al., 2009) .
From an ecological point of view, the FMR estimates found for free-ranging porpoises indicate that a minimum of 15 kJ of fish per minute, equivalent to 3 g of high-energy fish (5.6 kJ g −1 , Steimle and Terranova, 1985) , need to be consumed by an adult porpoise to meet its energetic needs, implying an average daily ration of more than 8% of its body weight. This is consistent with daily food intakes of porpoises in captive settings Kastelein et al., 1997a Kastelein et al., , 2018 where an adult porpoise eats around 1 metric tonne of fish per year. Given that porpoises in inner Danish waters appear to rely heavily on prey species that range from 3 to 10 cm (Wisniewska et al., 2016) , equivalent to 0.5 to 12 g using the weight-length relationship of Coull et al. (1989) , such individuals need to catch approximately 500 fish of ∼10 cm or more than 10,000 fish of ∼3 cm per day to meet their energetic requirements. These numbers are consistent with the rates of prey captures reported by Wisniewska et al. (2016 Wisniewska et al. ( , 2018a , highlighting the important ecological impact that porpoises as predators may have in the energy cascades of coastal ecosystems. Moreover, the high energy requirements and small prey choice of porpoises in inner Danish waters imply that they must spend a significant portion of their time feeding, potentially leaving little room for compensation of lost foraging opportunities due to anthropogenic disturbances (MacLeod et al., 2007; Wisniewska et al., 2018a,b) . This may well be different in other areas where larger and more energetic prey are caught.
Harbour porpoises depend on blubber, both as an energy store and for insulation against the cold marine environment (Lockyer, 2007; MacLeod et al., 2007) . We have shown that they rely on building a blubber layer thick enough to fully or partially offset the extra cost of thermoregulation during winter. If so, we predict that Greenlandic porpoises should have thick blubber layers year round, with less variation between summer and winter. To accumulate blubber, energy gains must exceed energy expenses. However, the period over which energy gain and expenditure must be balanced is sizedependent. Small animals, such as harbour porpoises, need to eat frequently; their fat stores in relation to their mass-specific metabolic rates is proportionally smaller than in larger marine mammals (Boyd, 2002) , and therefore, the energy equilibrium must be more tightly balanced in time. A decrease in the foraging rates of harbour porpoises due to anthropogenic disturbance will reduce energy acquisition, producing a quick mobilization of energy storage (Kastelein et al., 1997a; MacLeod et al., 2007) that could directly affect their blubber thickness and hence, insulation capabilities. Loss of foraging opportunities could be particularly critical during the period when porpoises thicken their blubber layer to offset the decrease in water temperature or when water temperatures are the lowest. Reduced insulation will increase the cost of thermoregulation, resulting in higher FMR, as observed in sea otters, where changes in fur thermal insulation capacity doubled their metabolic rate (Costa and Kooyman, 1982) . A continued decrease in energy intake may evoke a negative spiral of continuous mobilization of blubber energy stores and greater thermoregulatory costs that will facilitate the ultimately lethal incidence of parasites and pneumonia, complete functional depletion of energy stores and consequent death by starvation or hypothermia. Given the calorific value of blubber (38 MJ kg −1 ; Brody, 1945) and an FMR of ∼20 MJ day −1 , a fasting porpoise will lose ∼1 kg of blubber every 2 days. Thereby, the 10-20 kg of blubber that adult porpoises have, depending on season (Table 1) , will deplete in less than 20 to 40 days. This estimate does not include the rapidly additive costs of thermoregulation related to the continuous loss of insulation, and the finding that half of the lipid mass in harbour porpoises is structural blubber that will not be mobilized during starvation . It is therefore plausible that a porpoise in cold water can starve to death in a week (Kastelein et al., 1997a) , highlighting the importance of understanding the potential energetic effects of impacts of human activities on the fitness of individual porpoises and population dynamics.
Conclusion
Harbour porpoises have FMRs that are elevated in comparison to terrestrial mammals of the same size, even when comparing with terrestrial carnivores, but lower than similar-sized marine pinnipeds and mustelids. We find that harbour porpoises seem to have fairly stable high energy turnovers despite seasonal fluctuations in water temperature. By regulating their energy intake, porpoises adjust the thickness of their blubber layer over the course of the year to largely offset the extra thermoregulatory costs associated with decreasing water temperature. During autumn, they eat more than is needed to meet metabolic demands, using the surplus energy to increase their blubber layer. However, during warmer seasons, they eat less than metabolically necessary and lose unnecessary insulative blubber that incurs drag. High FMRs are consistent with the recently uncovered high feeding rates of porpoises in the same area, highlighting concerns about the potential impacts of human activities on the fitness of individuals and population dynamics due to loss of foraging opportunities. Figure S2A2 . Average respiration rate for Freja, one of the captive porpoises, over 7 years of respiration data. The coloured area represents the standard error around the mean, and the dark green dots correspond to the estimated respiration rate during the two periods in which respirations were collected over an entire day. There is great variability in the respiration rates between days, but there is a clear tendency for decreased respiration rates during warmer months. Estimated respiration rates taken during 24 hours are lower than average. Both the overall decrease in respiration rates during the night (Fig. 2 , main text) and the tendency to collect respiration rates between 10:00 and 16:00 may cause an overestimation of daily respiration rates based on 10-minute intervals during the day. Figure S3A2 . Respiration rate smoothed average for each year of respiration counts collected daily during 10 minutes. There is some variation between years, but all years show a decrease in respiration rate during warmer months. Data from late 2015 and 2017 were missing for the analysis. rate of all tagged wild harbour porpoises. Table S1A3 . Mean and median variation intervals for the all 13 tags. LL = lower limit and UL = upper limit. Note that the missing values ("-") in the table are due to the method used to calculate variation interval of daily respiration rates. Animal hp16_316a (38.5-hour deployment) was the longest deployment and hence, we could not use any other deployment to estimate its variation interval.
